^§^ Enterprise Science and Computing, 155 Gibbs Street, Suite 420, Rockville, MD 20850.

Introduction {#sec1}
============

The nuclear factor of activated T cells 5 (NFAT5, also known as TonEBP or OREBP) is a Rel family transcriptional activator. NFAT5 is among the very few mammalian transcription factors activated by hypertonic conditions. It regulates the transcription of membrane transporters and synthetic enzymes, and its activation causes the adaptive accumulation of organic osmolytes in the cell.^[@ref1]^ In addition, NFAT5 also can regulate other important cellular processes including the migration of carcinoma cells^[@ref2]^ and atherosclerotic lesion formation.^[@ref3]^ NFAT5 belongs to the NFAT family of transcription factors and its DNA binding domain shares a high sequence identity with the NFAT1--4 proteins. However, unlike other NFAT1--4 proteins which can bind DNA as monomers, NFAT5 binds to DNA as a dimer. Experimental data shows that it likely forms a dimer in solution even in the absence of DNA and dimerization is necessary for DNA binding and transcriptional activity.^[@ref4]^ The DNA affinity of NFAT5 is much lower than that of NFAT1--4;^[@ref5]^ however, it has a slower dissociation rate than another Rel dimeric transcription factor, NF-kB.^[@ref5]^

The *nfat5* gene encodes multiple isoforms of which NFAT5a and c have been most extensively studied. NFATa and c have identical sequences, but NFATc has an additional 76 amino acids at the N-terminus. In this work, we use the amino acid numbering of the NFAT5 isoform a but include notation of the corresponding amino acids in isoform c. The crystal structure of an NFAT5 region containing amino acids 170--470 (246--546 isoform c) in complex with DNA was resolved about 10 years ago.^[@ref5]^ This region of NFAT5 has two domains: an N-terminal Rel homology domain (RHD) which makes most of the contacts with DNA and a C-terminal IPT domain which mediates interactions between the two monomers and has limited contacts with DNA.^[@ref6]^ The crystal structure of the NFAT5 complex with DNA remains the only available structure of this protein.^[@ref5]^ According to this structure, one monomer of NFAT5 makes specific contacts with the conserved DNA "consensus" nucleotides (TGGAAA) of the NFAT5 cognate DNA element, ORE (osmotic response element). The other monomer binds to other, nonconserved nucleotides of OREs^[@ref5]^ which differ among NFAT5 target genes. The detailed comparative analysis of NFAT5 and NFκB structures showed that dimerization interfaces formed by the RHR-C domains of NFAT5 are very similar to those observed in NFκB. However, the NFAT5 dimer--DNA complex has a second dimer interface which is formed by the E′F loop of the RHR-N domain.

Nuclear translocation of NFAT5 in response to change in tonicity has been studied and several regions have been identified. A nuclear export sequence (NES) is unique to isoform c, whereas a nuclear localization sequence (NLS) and an auxiliary export domain (AED) are common to all NFAT5 isoforms.^[@ref7]^ Moreover, several studies point to a possible connection between nuclear translocation and DNA binding. Namely, different mutations introduced in the DNA-binding loop and dimerization interface of the C-terminal domain were found to be important for DNA binding and some of them greatly decreased the NFAT5 nuclear--cytoplasm ratio.^[@ref4],[@ref8]^ However, the mechanism of NFAT5 nuclear translocation and the effect of other protein or DNA binding on retaining NFAT5 in the nucleus are largely unknown. Mutations represent a convenient way to decouple DNA-binding specific events from other effects, and here we model the effect of different mutations in the DNA-binding loop on protein dynamics and binding.

We find that the specifically bound chain makes more contacts with the DNA molecule and its binding affinity is higher compared to the nonspecifically bound chain. These contacts, coming from the DNA-binding loop and a few other regions, confer binding specificity. Moreover, the nonspecific chain is characterized by higher flexibility than the specifically bound chain. We show that the NFAT5 complex without DNA is much more flexible than the complex with DNA and the binding energy to DNA significantly exceeds the energy of stabilization of the dimer without DNA. In other words, DNA binding considerably stabilizes the dimeric complex. We investigate the effects of two sets of mutations from the DNA-binding loop experimentally analyzed previously,^[@ref8]^ and observe that different NFAT5 mutants have different mechanisms of specific and nonspecific binding to DNA. The R217A/E223A/R226A (R293A/E299A/R302A in isoform c) mutant is characterized by significantly compromised binding to DNA and higher complex flexibility, whereas the T222D (T298D in isoform c) mutation, on the contrary, makes the overall complex more rigid and does not affect DNA binding much. Our analysis also suggests that it is unlikely that a fully formed NFAT5 dimer can form prior to nuclear binding to DNA without significant structural rearrangements.

Methods {#sec2}
=======

Model Preparation {#sec2.1}
-----------------

We used the only available X-ray structure of the NFAT5 homodimer/DNA complex (PDB code: 1IMH).^[@ref5]^ By removing the DNA molecule coordinates, we also produced a model system of the dimer in the absence of DNA ("Native_withDNA", "Native_noDNA"). Altogether we created six systems for further molecular dynamics (MD) simulation analysis. We introduced a T222D mutation (T298 in isoform c) in both chains (Chain C and Chain D) with and without DNA ("T222D_withDNA", "T222D_noDNA"). Separately, we created a triple mutant in each chain by substituting residues R217, E223, and R226 (R293, E299, and R302 in isoform c) into alanine ("3M_withDNA" and "3M_noDNA"). The mutants were made using the "mutator" plugin of the VMD molecular dynamics software, and the hydrogen atoms were added with the VMD program.^[@ref9]^ All models were immersed into rectangular boxes of water molecules extending up to 10 Å from the protein in each direction. To ensure an ionic concentration of 150 mM (concentration reported in the original paper of the NFAT5 structure^[@ref5]^) and zero net charge, Na^+^ and Cl^--^ ions were added by VMD. The effect of salt concentration on protein binding was analyzed previously.^[@ref10]^

MD Simulation Protocol {#sec2.2}
----------------------

Six systems mentioned in the previous section were optimized and equilibrated using energy minimization and the MD simulation protocol. First, a 4000-step energy minimization was carried out using the steepest descent method, with harmonic restraints (force constant = 10 kcal/mol/Å^2^) applied on the backbone atoms of all residues, followed by an 8000-step energy minimization on the whole system. The systems were then heated to 300 K over 300 ps with harmonic constraints applied on protein backbone atoms. Consequently, the systems were subject to a 25 ns unconstrained MD simulation performed in the NPT ensemble. The Langevin piston Nosé--Hoover method^[@ref11]^ was used to control temperature and pressure with temperature *T* = 300 K and pressure *P* = 1 atm. Periodic boundary conditions and a 12 Å cutoff distance for nonbonded interactions were applied to the systems. The particle mesh Ewald (PME) method^[@ref12]^ was used to calculate the long-range electrostatic interactions. Lengths of hydrogen-containing bonds were constrained by the SHAKE algorithm,^[@ref13]^ and the coordinates of the systems were saved every 2 ps during MD simulations. The energy minimization and MD simulation were carried out with NAMD program version 2.9^[@ref14]^ using the CHARMM27 force field^[@ref15]^ and the TIP3P water model.^[@ref16]^ Analyses of the trajectories were performed with the VMD software.

Principal Component and Contact Analyses {#sec2.3}
----------------------------------------

Principal component analysis (PCA) was applied to extract the dominant modes corresponding to the collective motions of atomic groups.^[@ref17],[@ref18]^ To eliminate translational and rotational motions and isolate only the internal motions of the system, each frame of the trajectory was superimposed on the starting structure. The PCA analysis was applied to the Cartesian covariance matrix which was diagonalized to obtain a set of eigenvectors and corresponding eigenvalues. Hydrogen bonds and salt bridges were identified using the CHARMM program. To define a salt bridge, the maximum distance between charged heavy atoms was set to 4.0 Å.

Binding Energy Calculation {#sec2.4}
--------------------------

Binding energies were calculated using the MMPBSA method that combines the molecular mechanical energies with the Poisson--Boltzmann continuum representation of the solvent calculated using the Charmm force field. We extracted 60 snapshots of the last 6 ns of all MD trajectories for six systems (after stripping all water molecules and ions) to calculate the protein and protein--DNA binding energy. The binding energy Δ*G* was expressed as Δ*G* = Δ*G*~VDW~ + Δ*G*~ELEC~ + Δ*G*~SA~. Here Δ*G*~VDW~ corresponds to the van der Waals interaction energy in the gas phase and Δ*G*~ELEC~ and Δ*G*~SA~ are polar and nonpolar solvation energies, respectively. All energy terms were calculated as the difference between the complex and each monomer (protein or DNA) in a solvent. Δ*G*~ELEC~ was estimated using the Poisson--Boltzmann (PB) method,^[@ref19],[@ref20]^ while Δ*G*~SA~ was approximated according to the formula *G*~SA~ = 0.00542\*SA + 0.92, where SA stands for the area of the molecular surface.^[@ref21]^ In addition to an unweighted binding energy expression, we also used a weight of 0.5 on the van der Waals interaction energy term, as it was found to be more suitable to describe the experimentally measured pH dependency of the effect of mutations on the dissociation constants.^[@ref22]^

For the PB calculation, dielectric constants of ε = 1, 2, and 4 were used for the protein interior^[@ref23],[@ref24]^ and the dielectric constant for the exterior aqueous environment was set to ε = 80. Dielectric constant ε = 4 produced the smallest energy fluctuations among 6 ns snapshots and was applied in further analysis. All PB calculations were performed with the PBEQ module^[@ref20],[@ref25]^ of the CHARMM program.^[@ref26]^ The atomic Born radii were previously calibrated and optimized to reproduce the electrostatic free energy of the 20 amino acids in MD simulations with explicit water molecules.^[@ref25]^ We also used a simplified binding energy calculation implemented in the FoldX method^[@ref27]^ which calculates the effect of mutations using an empirical force field. FoldX optimizes the side chain configurations but does not estimate the effects produced by backbone conformational movements.

Results {#sec3}
=======

Dynamics of NFAT5 Complex with and without DNA {#sec3.1}
----------------------------------------------

The native complex of NFAT5 with DNA represents a dimer with two identical chains of 281 residues long each. Chain C makes specific contacts with the DNA molecule through the conserved nucleotides of the ORE, its DNA binding site. Chain D binds DNA less specifically mostly through contacts with the phosphate backbone of the non-consensus nucleotides of OREs.^[@ref5]^ We performed MD simulations for six systems for 25 ns (Native_withDNA, Native_noDNA, 3M_withDNA, 3M_noDNA, T222D_withDNA, and T222D_noDNA). The time dependence of root-mean-square deviation (RMSD) of the main chain atoms from the minimized structure is shown in Figure [1](#fig1){ref-type="fig"}. As one can see from comparing parts A and B of Figure [1](#fig1){ref-type="fig"}, complexes without DNA deviate from the initial minimized NFAT5 structure considerably more than complexes with the DNA. All systems with DNA seem to reach equilibrium after 25 ns of simulation. To ensure convergence, we ran additional MD simulations for the native with DNA and T222D mutation systems. Although the systems without DNA have relatively large fluctuations, the RMSD does not increase any further after about 15 ns for these systems. We used the time-averaged coordinates within the last 6 ns as a representative of the final equilibrated structures (the native average NFAT5 structure for the first MD trajectory will be referred to as "native" hereafter), and calculated the binding energy between protein and DNA, between chains C and D within the last 6 ns.

![Backbone RMSD (with respect to the minimized structure) for six systems as a function of simulation time for (A) systems with DNA and (B) systems without DNA.](jp-2013-03310a_0002){#fig1}

To identify the most flexible regions, next we analyzed the root-mean-square fluctuations (RMSFs) per residue. Figures [2](#fig2){ref-type="fig"}A and [3](#fig3){ref-type="fig"}B show the RMSF values calculated for c-alpha atoms based on the superposition of the whole protein complexes. These RMSF values correspond to the whole complex movements including the relative movements between chains. Figures [2](#fig2){ref-type="fig"}B, [3](#fig3){ref-type="fig"}B, and S4 ([Supporting Information](#notes-2){ref-type="notes"}) depict RMSF values based on the superpositions of chains C and D separately, which allows us to compare the flexibilities of the two chains. As one can see from these figures, chain D (RMSF of 1.35 ± 0.05 Å, mean value and 95% confidence intervals are listed, standard deviation is 0.47 Å) in the native complex with DNA is more flexible than chain C (RMSF of 1.25 ± 0.06 Å, standard deviation is 0.51 Å, Wilcoxon test *p*-value \<0.01). This observation is supported by the larger number of hydrogen bonds and salt bridges formed between chain C and DNA (Figure [3](#fig3){ref-type="fig"}A and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})) and its higher DNA binding affinity (Tables [1](#tbl1){ref-type="other"} and S3 ([Supporting Information](#notes-2){ref-type="notes"})). The DNA binding AB loop in the N-terminal domain (residues 217--227) is particularly rigid in both chains.

![RMSF per residue for the NFAT5 complex with DNA. (A) Frame alignments are based on the whole protein complex. (B) Frame alignments are based separately on chains C and D.](jp-2013-03310a_0003){#fig2}

![(A) The number of contacts (hydrogen bonds and salt bridges) between the protein complex and DNA, chain C and DNA, and chain D and DNA for the three systems with DNA. (B) Mean values and 95% confidence intervals (error bars) of RMSF. For "complex", the alignment is based on the whole protein complex, and for "chain C" and "chain D", the alignments are performed separately for each chain.](jp-2013-03310a_0004){#fig3}

###### Binding Energy between Protein and DNA (First Three Columns) and between Two Monomers (Last Column) in kcal/mol[a](#tbl1-fn1){ref-type="table-fn"}

                     complex--DNA   chain C--DNA   chain D--DNA   chain C--chain D
  ------------------ -------------- -------------- -------------- ------------------
  ω = 1                                                           
  native             10.00 (0.39)   3.50 (0.23)    2.83 (0.23)    2.97 (0.23)
  T222D              9.84 (0.46)    3.77 (0.23)    2.79 (0.23)    3.37 (0.23)
  R217, E223, R226   6.79 (0.46)    2.82 (0.23)    2.29 (0.15)    2.97 (0.31)
  ω = 0.5                                                         
  native             10.00 (0.62)   3.61 (0.39)    2.89 (0.39)    2.73 (0.23)
  T222D              9.24 (0.54)    3.79 (0.23)    2.76 (0.23)    2.92 (0.23)
  R217, E223, R226   6.47 (0.62)    3.13 (0.23)    2.36 (0.23)    2.78 (0.31)

The binding energy of the native complex was scaled to 10 kcal/mol, the experimental value obtained previously.^[@ref5]^ Standard deviations are listed in parentheses for energies calculated within 60 frames of the last 6 ns. Binding free energy decomposition at the atomic level was made using Charmm software. Different weights (ω = 1 and ω = 5) are used for the van der Waals term of the binding energy expression.

The NFAT5 dimer without DNA is characterized by much higher flexibility than the complex with DNA (Figure S1 ([Supporting Information](#notes-2){ref-type="notes"}), Wilcoxon test *p*-value ≪0.01). This difference is especially pronounced for the RHD domain of chain C and can be explained by chain C making specific contacts with the DNA molecule. The large difference between complexes with and without DNA is also evident from the PCA analysis (Figures [4](#fig4){ref-type="fig"} and S5 ([Supporting Information](#notes-2){ref-type="notes"})) and is consistent with the binding energy calculations, according to which the binding affinity of two monomers in the dimer is considerably lower than the binding energy between protein and DNA (Table [1](#tbl1){ref-type="other"}). When we compare actual native dimer structures with and without DNA after MD simulations (structures are averaged over the last 6 ns), we found that the dimer structure without DNA has changed compared to the native structure with DNA (only 149 residues on one chain could be structurally superimposed within 0.5 Å on the 562-residue dimer). As can be judged from the structural superposition, almost half of all contacts (hydrogen bonds and salt bridges) with the DNA molecule which are present in the DNA complex are lost in a dimer without DNA. Therefore, even if a dimer can be formed prior to DNA binding, significant conformational adjustments may take place when it binds to DNA.

![Eigenvalues for all six systems plotted for each eigenvector index.](jp-2013-03310a_0005){#fig4}

Next we analyzed the effects of two series of mutations on NFAT5 dynamics which revealed two different outcomes produced by mutations from the same DNA-binding loop.

Effect of R217A, E223A, and R226A Mutations on NFAT5 Dynamics and Binding {#sec3.2}
-------------------------------------------------------------------------

Next we investigated the effect of three mutations R217A, E223A, and R226A which were experimentally shown to reduce the nuclear--cytoplasm ratio.^[@ref8]^ According to the IBIS database,^[@ref28]^ R217 and R226 residues make contacts with the DNA coding strand and these contacts are invariant in many NFAT transcription factors, whereas an invariant E223 residue binds a noncoding DNA strand. A comparison of native and triple mutant complexes with DNA shows that, while three residues in each chain lose their specific and nonspecific contacts with DNA (all three mutations occur in the DNA-binding loop), the structure undergoes local conformational changes to maximize the contacts with DNA and to make new contacts which are not observed in the native complex (Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). Overall, the mutant complex loses nine contacts (hydrogen bonds or salt bridges) with the DNA molecule. Namely, it loses 12 contacts in chain C and gains three contacts in chain D, some of which are located far away in sequence and structure from the specific DNA-binding loop (Figures [3](#fig3){ref-type="fig"}A and [6](#fig6){ref-type="fig"} and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). Interestingly, the loss of specific contacts with DNA by chain C and the gain of contacts by chain D make the mutant complex more symmetric with respect to DNA orientation (Figure [6](#fig6){ref-type="fig"} and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). This results in a considerable drop in binding energy from 10 to 6.79 kcal/mol for the whole complex with DNA for native compared to the triple mutant (Table [1](#tbl1){ref-type="other"}). FoldX results confirm this observation (Table S2 ([Supporting Information](#notes-2){ref-type="notes"})). Although three mutations in the DNA-binding loop are introduced in both chains, they make chain C somewhat more flexible compared to the native complex (1.49 ± 0.06 Å and standard deviation of 0.52 Å compared to1.24 ± 0.06 Å, standard deviation of 0.51 Å, *p*-value \<0.01) and have almost no effect on chain D (Figures [2](#fig2){ref-type="fig"}B and [3](#fig3){ref-type="fig"}B). The DNA-binding energy drops from 3.50 to 2.82 kcal/mol and from 2.83 to 2.29 kcal/mol for chains C and D, respectively. Moreover, loop 322--332 which contains several lysines and makes partial contacts with DNA in the native complex (Figure [6](#fig6){ref-type="fig"} and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})) becomes more flexible and undergoes conformational movements in chain C (RMSF 2.27 Å compared to 1.70 Å in native protein) (Figure [2](#fig2){ref-type="fig"}B).

![The projection of the first two principal components for all six systems.](jp-2013-03310a_0006){#fig5}

![Native (blue) and triple mutant (green) structures are averaged over the last 6 ns and structurally superimposed. Side chains of residues making contacts with DNA are shown in blue and green. Mutated residues are shown in red. Structural superposition was performed using Chimera software.](jp-2013-03310a_0007){#fig6}

Effect of T222D Mutation on NFAT5 Dynamics and Binding {#sec3.3}
------------------------------------------------------

Next we examined the effect of the phosphomimetic mutation T222D on DNA binding in the presence of DNA. Previously, ScanSite^[@ref29]^ software was used to predict that phosphorylated T222 site is a potential binding site for 14--3--3 proteins.^[@ref8]^ We checked if T222 can be phosphorylated using additional two programs, and it was indeed predicted to be phosphorylated by KinasePhos^[@ref30]^ and GPS^[@ref31]^ though not with the DISPHOS^[@ref32]^ program. According to the IBIS database,^[@ref28]^ T222 makes contacts in both chains with the noncoding DNA strand and these contacts are invariant among NFAT family members. The effect of T222D located in the same DNA-binding loop is drastically different from the impact of mutations described in the previous section. As can be seen from Figures [1](#fig1){ref-type="fig"} and S3 ([Supporting Information](#notes-2){ref-type="notes"}), the RMSD deviations from the initial structure are constrained for the T222D mutant complex with DNA for two different MD trajectories; in fact, they are even lower than for the native structure almost everywhere along the simulation time. The T222D mutation makes the overall complex more rigid than native (RMSF is 1.53 ± 0.05 Å and standard deviation is 0.55 Å for mutant compared to 1.75 ± 0.05 Å and standard deviation of 0.58 Å for the native complex; *p*-value \<0.01, Figures [2](#fig2){ref-type="fig"}A and [3](#fig3){ref-type="fig"}B). If we compare individual chains, the loss of flexibility is less pronounced, which points to the reduction in relative movement between the two chains in mutant. While the AB loop does not show a noticeable conformational change, other regions undergo movements which lead to the formation of additional contacts with the DNA molecule (Figure [3](#fig3){ref-type="fig"}A and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). For example, Arg276 on chain C makes a contact with the DNA phosphate backbone upon T222D mutation (Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). While the loop 322--332 on chain C is more flexible in the 3M_withDNA system, on the contrary, it becomes more rigid in the T222D_withDNA mutant (Figure [2](#fig2){ref-type="fig"}B). Moreover, a new salt bridge is formed between the substituted T → D222 of chain D and Lys329 of chain C, which restrains the motion between the two monomers; the distance between the side-chain nitrogen of Lys329 and the gamma-oxygen of Thr222 was 11.9 Å in the native structure compared to 2.7 Å between the side-chain nitrogen of Lys329 and the side-chain oxygen of Asp222 in the mutant (Figure [7](#fig7){ref-type="fig"} and Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). All these contacts were conserved between structures corresponding to two MD trajectories (Table S1 ([Supporting Information](#notes-2){ref-type="notes"})). Although the overall binding affinity to DNA almost does not change upon this mutation using the MMPBSA method, the binding between chain C and DNA seems to be tighter than that of the native structure (Tables [1](#tbl1){ref-type="other"} and S3 ([Supporting Information](#notes-2){ref-type="notes"})).

![Structural superposition of the native (blue), named "WT" and T222D mutated (red) structures. The mutated residue T222D makes a salt bridge with K329 in the mutant while displaced 11.9 Å away in the native structure.](jp-2013-03310a_0008){#fig7}

PCA Analysis {#sec3.4}
------------

PCA is applied to the backbone atoms in our six models. Figure [4](#fig4){ref-type="fig"} shows eigenvectors with corresponding eigenvalues. The eigenvalue is calculated as the mean-square fluctuation in the direction of the principal mode, and the largest eigenvalue corresponds to the most dominant collective mode. As can be seen from Figure [4](#fig4){ref-type="fig"}, the first two or three eigenvectors contribute the most to the system motion and eigenvalues decrease in the following order: 3M_noDNA \> T222D_noDNA \> Native_noDNA \> Native_withDNA ∼ 3M_withDNA \> T222D_withDNA. Similar to previous observations, DNA binding makes the protein complex more rigid, especially for the T222D mutation. Moreover, mutant complexes without DNA are characterized by higher flexibility than the native complexes without DNA. From comparing the eigenvalues of chains C and D (see Figure S2 ([Supporting Information](#notes-2){ref-type="notes"})), it is evident that chain C is more rigid than chain D in the Native_withDNA and especially in the T222D_withDNA systems. For the triple mutant, the situation is contrary and chain C is characterized by more extensive motions than chain D. Projection of trajectories on the first two principal components is shown in Figure [5](#fig5){ref-type="fig"}. As apparent from this figure, complexes without DNA, especially 3M_noDNA and T222D_noDNA, sample much larger conformational space than the NFAT5 complexes with DNA. Furthermore, projections for native and mutant complexes with DNA are quite different from each other and the T222D mutant samples much smaller regions of the conformational space.

Discussion {#sec4}
==========

The specific recognition of DNA sequences by proteins is governed by the formation of hydrogen bonds with specific bases (mostly occurring in the major groove), and by varying the DNA shape and its electrostatic potential (this type of recognition may happen in major as well as minor DNA grooves).^[@ref33],[@ref34]^ The NFAT5 dimer represents a convenient system to study the difference between specific (maintained by chain C) and less specific or nonspecific DNA binding (maintained by chain D). Structural analysis of the NFAT5 native complex and MD simulations show that the dimer does not significantly change its overall orientation with respect to DNA in specific compared to nonspecific chains, which is consistent with previous experimental results on other DNA-binding proteins.^[@ref35]^ The specifically bound chain makes more contacts with DNA, and its binding affinity is found to be higher compared to the nonspecifically bound chain (the energy difference between specific and nonspecific binding is about 2--3 kT). Some of these contacts, coming from the DNA-binding loop and a few other regions, are different between the two chains and therefore may confer binding specificity. Moreover, our results show that the nonspecific chain has a much higher flexibility in the native complex than the specifically bound chain. This can be explained by the extensive sampling of different protein conformations on the DNA surface by the nonspecific chain which might be required before the specific chain binds DNA. Indeed, according to the energy landscape theory of protein--DNA binding, nonspecific protein--DNA complexes might have more rugged energy landscapes, whereas specific complexes can be characterized by the funnel-like energy landscape guiding the search to the native state.^[@ref35]−[@ref37]^ On the other hand, protein flexibility may facilitate binding and provide kinetic advantages via the fly casting mechanism. In the latter scenario, the unfolded flexible chain binds weakly at larger distances and undergoes a disorder-to-order transition as the protein recognizes the DNA through specific binding.^[@ref37],[@ref38]^

We studied different NFAT5 mutants and found that they had distinctly different effects on specific and nonspecific binding to DNA. The R217A/E223A/R226A mutant was characterized by significantly compromised binding to DNA (by 5--8 kT). This result is consistent with a previous experimental observation of several authors of this paper that these mutations reduce high NaCl-induced nuclear translocation.^[@ref8]^ Although all of these mutations were introduced within the same DNA-binding loop on both chains, a different effect on specific and nonspecific chains was obvious. Namely, the triple mutations made the specific chain more flexible with almost no effect on the nonspecifically bound chain. Since the NFAT5 dimer forms a complete circle around the DNA molecule, the loss of specific contacts with DNA by chain C makes the orientation of the mutant dimer more symmetric inside the inner protein ring.

On the contrary, mutation T222D from the same AB loop had a quite different effect. Unlike the three previously mentioned mutations, which enhanced the mobility of the specific chain and decreased the binding to DNA, the T222D mutation made the specific chain/DNA complex less flexible and more tightly bound. The overall effect of this mutation on DNA binding was much less pronounced than the effect of the triple mutations (even if scaled down by the number of mutations). This result points to the possibility that reduced binding to DNA cannot fully explain the reduced nuclear--cytoplasm ratio of NFAT5 reported earlier for T222D.^[@ref8]^ T222 is predicted to be phosphorylated by several methods although not yet confirmed by experiments. One might hypothesize that the T222D mutation can prevent the reversible potential phosphorylation which in turn might disrupt the balance between nucleic and cytoplasmic forms of NFAT5. Recently, an energy landscape approach was used to model the effect of multiple phosphorylation in the NFAT1 protein regulatory region.^[@ref39]^ The authors showed that phosphorylation increased the helical propensity and rigidified the structure of the phospho-peptides similar to the effect of the T222D mutation studied here. It was suggested that the cytoplasmic form of NFAT1 needed a well-defined structure to perform its function, while the more flexible regulatory region was characteristic for the nuclear form. Further experimental characterization is needed of residue 222's effect on NFAT5 dynamics and binding.

Overall, the decreased binding of the NFAT5 dimer to DNA for triple mutant might explain its reduced nuclear localization reported earlier.^[@ref8]^ However, it was proposed recently that NFAT5 dimerization might be required for the nuclear transport, whereas DNA binding might not.^[@ref40]^ We observed a higher flexibility of mutant dimers compared to native dimers without DNA. In addition, our binding energy calculations point to the marginal stability of dimers in the absence of DNA, with the predicted dissociation constant in the mM range. Our results allow us to conclude that DNA binding considerably stabilizes the dimer complex and certain mutations may destabilize the binding to DNA. All of this appears to contribute to the mechanism of nuclear--cytoplasm transport.

Table S1: List of contacts between protein and DNA, between different protein chains. "C" and "D" stand for protein chains C and D; "A" and "B" stand for DNA strands A and B. NFAT5 contacting residues found in both MD trajectories are shown in red color. Table S2: Binding energy difference between mutant and native structures for protein--DNA interactions calculated using FoldX. Positive values correspond to decreased protein--DNA binding. "T222-phospho" stands for phosphorylated T222 residue. Table S3: Binding energy between protein and DNA for the second MD trajectory (in kcal/mol). Figure S1: RMSF values for different systems with and without DNA. Figure S2: Eigenvalues for all six systems plotted for each eigenvector index for chains C and D separately. Figure S3: Backbone RMSD for the second MD trajectory. Figure S4: (A) The number of contacts (hydrogen bonds and salt bridges) between the protein complex and DNA, chain C and DNA, and chain D and DNA for the second MD trajectory. (B) Mean values and 95% confidence intervals (error bars) of RMSF for the second MD trajectory. For "complex", the alignment is based on the whole protein complex, and for "chain C" and "chain D", the alignments are performed separately for each chain. Figure S5: (A) Eigenvalues for the second MD trajectory plotted for each eigenvector index. (B) The projection of the first two principal components for the second MD trajectory. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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